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Abstract 
Sports venues combine large enclosed volumes, 

intermittent occupancy, event-driven peak loads, 

complex building services and strict safety and 

comfort requirements. These characteristics limit 

isolated equipment replacement and require 

operation-oriented decarbonization. This study 

develops an integrated framework connecting green 

technologies, smart energy management, climate-

responsive selection and performance verification. 

Shaanxi Province, China, is used as the regional 

application context because it contains marked 

differences in heating demand, humidity, solar 

exposure, air quality and operational risk. The 

evidence-informed method comprised policy and 

standards review, synthesis of peer-reviewed 

stadium and public-building research, systems 

decomposition, comparison of operating practices 

and multi-criteria framework construction. The 

resulting framework contains four mutually 

reinforcing pillars and a diagnose-decide-execute-

verify-improve loop. It specifies a five-layer 

architecture linking sensing, data governance, BIM 

and energy models, decision support, and equipment 

or human execution. Differentiated packages are 

proposed for Guanzhong, Northern Shaanxi and 

Southern Shaanxi. A five-dimensional performance 

system integrates energy, carbon, management, 

service quality and life-cycle cost, while a 

measurement and verification protocol separates 

adjusted baseline energy from post-retrofit 

consumption. A four-stage roadmap and venue-

specific planning template translate the framework 

into implementation. The principal contribution is a 

transferable method for moving sports-venue 

decarbonization from technology lists to auditable 

operational governance. Because no continuous 

submetered field dataset was available, 

representative venues should validate the framework 

over at least one complete operating cycle. 
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I. Introduction 
Decarbonizing the built environment 

requires more than high-efficiency equipment. 

Buildings with irregular schedules and complex 

service requirements need coordinated control, 

reliable data and institutional routines that preserve 

performance after commissioning. Sports venues are 

a particularly demanding case. Large halls and 

spectator zones may remain partly idle for long 

periods but experience rapid changes in occupancy, 

lighting, ventilation, cooling, heating, hot-water 

demand and transport loads before, during and after 

events. Public venues must also maintain safety, 

broadcast, crowd-management and service-quality 

requirements. Annual utility totals alone therefore 

provide a weak basis for diagnosing inefficiency or 

judging retrofit performance. 

Research on sports-facility energy 

performance has expanded from individual 

technologies toward system optimization and data-

enabled management. Studies have demonstrated 

the value of passive and active retrofit packages, 

renewable-energy integration, energy-flow mapping 

and cyber-physical control in stadiums and sports 

centres (Katsaprakakis et al., 2019; Azaza et al., 

2019; Schmidt et al., 2018). More recent work has 

emphasized building automation, load forecasting 

and multidimensional sustainability assessment 

(Elnour et al., 2022; Tang et al., 2023; Almaleck et 

al., 2024). BIM and IoT integration can improve the 

link between spatial information, facility assets and 

operational data, but implementation remains 

constrained by interoperability, data quality and 

organizational fragmentation (Malagnino et al., 

2021; Liu et al., 2023). 
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A persistent gap lies between technology 

selection and verifiable operational performance. A 

venue may install efficient chillers, light-emitting 

diode (LED) luminaires, photovoltaic panels or an 

energy-management platform without realizing 

durable savings if operating schedules, control 

sequences, sensor accuracy, staff responsibilities 

and post-retrofit verification are not addressed. 

Certification and evaluation systems are useful, but 

the operating conditions of sports venues vary so 

strongly that performance must be interpreted 

alongside weather, open hours, occupied area, 

attendance and event type. ISO 50001 similarly 

positions energy performance as a continual-

improvement process based on policy, data, 

objectives, measurement and review rather than as a 

one-time equipment upgrade. 

Regional diversity adds a further layer of 

complexity. Shaanxi Province spans climatic and 

geographic conditions ranging from cold and dry 

northern areas to the hot-summer/cold-winter 

Guanzhong basin and humid southern areas. Heating 

duration, dehumidification requirements, solar 

resources, dust exposure and extreme-weather risks 

differ across these subregions. A uniform retrofit 

checklist is therefore unlikely to deliver equal 

technical reliability or economic value. 

The policy context also favours an 

integrated approach. China's carbon-peaking agenda 

and building-sector energy-conservation policies 

increasingly connect efficient equipment, renewable 

energy, digital operation and accountable 

performance management. For public sports venues, 

however, capital investment must remain 

compatible with accessibility, event continuity, 

safety and public-service obligations. A framework 

intended for this sector must therefore connect 

technical ambition with procurement, 

commissioning, staff capability and evidence of 

actual performance rather than relying on design 

ratings alone. 

This paper develops an integrated, climate-

responsive framework for low-carbon sports venues. 

It addresses three research questions: (1) Which 

technical, digital and organizational components 

must be connected to convert individual measures 

into a persistent energy-management loop? (2) How 

should technology priorities vary across the three 

principal climatic subregions of Shaanxi? (3) How 

can energy and carbon performance be verified 

without rewarding reduced public service or 

incomparable operating conditions? The study 

contributes a five-layer smart energy architecture, 

three regional technology packages, a five-

dimensional performance system, a measurement 

and verification protocol, and a staged venue-

specific implementation roadmap. 

 

II. Literature Review and Research Gap 
2.1. Energy characteristics and retrofit 

technologies 

Sports facilities are distinguished by large 

conditioned volumes, diverse end uses and demand 

patterns shaped by event schedules. Energy-flow 

mapping at a sports facility showed the value of 

end-use indicators for decision support rather than 

reliance on aggregated consumption alone (Azaza et 

al., 2019). Stadium retrofit case studies have 

combined envelope improvement, efficient lighting, 

geothermal or heat-pump systems, solar thermal 

energy, photovoltaics and building energy 

management systems (Katsaprakakis et al., 2019, 

2023). Public-building reviews likewise show that 

integrated portfolios generally outperform isolated 

interventions because envelope, systems and 

controls influence one another (Papadakis & 

Katsaprakakis, 2023). 

The relevant technical portfolio includes 

envelope airtightness and insulation, high-efficiency 

heating and cooling generation, variable-flow 

distribution, demand-controlled ventilation, heat 

recovery, LED lighting and scene control, water 

conservation, condensate or rainwater use, on-site 

renewable energy and energy storage. However, 

technology suitability depends on the actual load 

profile, equipment age, climate, roof and structural 

conditions, electricity tariffs, maintenance capacity 

and downtime constraints. Design capacity or 

installed renewable capacity should not be treated as 

realized energy or carbon performance. 

 

2.2. Smart operation, BIM-IoT integration and 

forecasting 

Cyber-physical stadium research has 

demonstrated the possibility of linking sensing, 

modelling and control to reduce operational waste 

(Schmidt et al., 2018). Forecasting studies further 

show that event information and time-series models 

can support short-term electricity planning in sports 

venues (Almaleck et al., 2024). These approaches 

are especially relevant where occupancy changes 

rapidly and pre-cooling, pre-heating, ventilation and 

lighting must be coordinated with event preparation 

and crowd movement. 

BIM-IoT research provides a potential 

information backbone by connecting spaces, assets, 

sensors and maintenance records (Malagnino et al., 

2021). Within the sport-facility domain, Liu et al. 

(2023) identify increasing interest in BIM-enabled 

facility management and sustainable operation. Yet 
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three implementation problems recur: fragmented 

asset identifiers and interfaces; poor sensor 

calibration and data completeness; and platforms 

that visualize consumption without closing alarms, 

work orders or control actions. Smart management 

should therefore be treated as an operational 

governance system rather than a dashboard. 

 

2.3. Evaluation, service quality and verification 

Stadium sustainability assessment has 

broadened beyond energy toward environmental, 

economic, intelligence and multifunctional 

dimensions (Tang et al., 2023). Energy-efficiency 

certification can also support public-building 

sustainability, although certification results must be 

interpreted within local policy and operational 

conditions (Baek, 2021). These developments 

support multidimensional evaluation, but 

performance systems can still reward lower energy 

use achieved by reducing opening time, occupied 

area or environmental quality. 

Measurement and verification (M&V) 

resolves this problem by comparing post-retrofit 

consumption with an adjusted baseline representing 

comparable reporting-period conditions. Weather, 

occupied area, opening hours, attendance, event 

schedules, water temperatures and equipment 

changes may need to be included as independent 

variables. Carbon reductions should then be 

calculated by energy carrier using transparent 

emission factors. This approach is consistent with 

ISO 50001's requirements for energy baselines, 

performance indicators, measurement and continual 

improvement. 

 

2.4. Research gap and conceptual proposition 

The literature provides strong evidence for 

individual retrofit technologies, digital integration, 

forecasting and evaluation. What remains 

underdeveloped is a unified method that connects 

five questions: what to install, how to operate it, 

how climate modifies technology priorities, who is 

responsible for maintaining performance, and how 

savings are verified. The present study proposes that 

durable low-carbon performance emerges only when 

green technologies, smart management, regional 

adaptation and multidimensional evaluation operate 

as a closed loop. This proposition guides the 

analytical design and framework construction 

described below. 

 

III. Methodology 
3.1. Research design 

The study used an evidence-informed 

conceptual framework-development design rather 

than an experimental or econometric design. Five 

linked activities were undertaken: (1) review of 

international energy-management standards and 

Chinese policies and building-energy standards; (2) 

synthesis of peer-reviewed studies on stadium 

retrofits, sports-facility operation, BIM-IoT 

integration, forecasting and sustainability 

evaluation; (3) systems decomposition of venue 

energy uses, operating modes, information flows 

and governance responsibilities; (4) comparative 

analysis of the climatic and operational constraints 

of Guanzhong, Northern Shaanxi and Southern 

Shaanxi; and (5) construction of an integrated 

framework, regional technology packages, 

performance indicators and an implementation 

roadmap. The analytical sequence is shown in 

Figure 1. 

Evidence was organized by the function it 

performed in the framework rather than by 

technology name alone. Each source was mapped to 

at least one of five analytical roles: demand 

reduction, efficient supply, operational control, 

regional suitability or performance verification. 

Overlapping recommendations were consolidated, 

while measures that could conflict with safety, 

indoor environmental quality or event operation 

were retained only with explicit control conditions. 

This functional synthesis made it possible to 

distinguish a transferable management structure 

from technologies that remain dependent on local 

climate, venue configuration and service profile. 
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Figure 1. Analytical design and framework-development process. 

 

3.2. Systems boundary and analytical dimensions 

The primary system boundary is the 

operational phase of public sports venues. New-

build design decisions are considered where they 

influence long-term operation, but embodied carbon 

and construction-stage energy are outside the 

principal boundary. The physical systems include 

the envelope, heating and cooling generation, pumps 

and fans, air distribution, terminals, lighting and 

electrical systems, water and hot-water systems, 

vertical transport, renewable energy and storage. 

The information system includes metering, sensors, 

asset identifiers, data interfaces, BIM, analytics, 

control and work orders. The organizational system 

includes venue leadership, energy and equipment 

teams, event operations, information technology, 

safety, finance and external service providers. 

 

3.3. Framework construction criteria 

Components were retained when they 

satisfied four criteria: operational relevance to sports 

venues; traceability to standards or peer-reviewed 

evidence; compatibility with climate-responsive 

selection; and the ability to be linked to a 

measurable performance indicator or 

implementation responsibility. The framework was 

also tested conceptually against five failure modes: 

technology-management separation, incomplete 

metering, platform-data isolation, loss of service 

quality, and incomparable pre- and post-retrofit 

conditions. 

This method does not produce a statistically 

validated causal model or a measured energy-

saving percentage. It produces a structured and 

testable proposition for subsequent application. 

Accordingly, all savings and carbon outcomes in a 

demonstration venue must be established by 

continuous monitoring and M&V, not inferred from 

the framework itself. 

 

IV. Results: Integrated Framework and 

Technology Pathways 
4.1. The integrated framework 

The resulting framework comprises one 

operational objective, four pillars and one closed 

loop (Figure 2). The objective is safe, comfortable, 

low-carbon and efficient operation at an acceptable 

life-cycle cost. Green technology raises the 

efficiency of the building fabric and physical 

systems. Smart management identifies operating 

modes, integrates data, generates decisions and 

closes maintenance actions. Regional adaptation 

ensures that technology packages reflect climate, 

resources and operating risk. Performance 

evaluation tests whether energy and carbon 

improvements are real, service-preserving and 

economically supportable. The diagnose-decide-

execute-verify-improve loop converts these pillars 

into continual management practice. 
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Figure 2. Integrated green technology-smart management framework. 

 

4.2. Five-layer smart energy management 

architecture 

The digital component is organized into 

five layers (Figure 3). The sensing layer acquires 

end-use energy, environmental, equipment-status 

and occupancy data. The data layer standardizes 

timestamps, units, asset identifiers, quality rules and 

permissions. The model layer links BIM objects, 

energy models, carbon factors and operational 

baselines. The decision layer generates schedules, 

setpoints, dispatch actions, alarms and work-order 

priorities. The execution layer comprises the 

building automation system, local controllers and 

facility staff. Outcomes return to the data and model 

layers, providing evidence for strategy refinement. 

The architecture is designed around 

operating modes rather than a single daily schedule. 

At minimum, a venue should distinguish 

unoccupied, preparation, training, public event, 

post-event and emergency modes. Each mode 

should specify permitted zones, environmental 

setpoints, ventilation and lighting scenes, equipment 

sequencing, demand limits and override authority. 

Event information therefore becomes an operational 

input, while deviations are recorded as data rather 

than remaining undocumented manual actions. This 

arrangement is particularly important where 

identical spaces serve different activities and 

occupancy can change within minutes. 

 
Figure 3. Five-layer smart energy management architecture. 
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Table 1. Functional requirements of the five-layer architecture 

Layer Core objects Primary function Control requirement 

Sensing 

Energy meters; indoor-

environment and 

equipment sensors 

Collect end-use energy, equipment 

status, indoor conditions and activity 

information 

Meter accuracy, 

calibration and online 

rate 

Data 
Database; asset IDs; 

standard interfaces 

Clean, synchronize, validate, secure and 

preserve traceability 

Completeness, 

consistency and access 

control 

Model 
BIM; baselines; load 

models; emission factors 

Link spaces-assets-data; forecast, 

diagnose and calculate performance 

Model validity, 

version control and 

applicability 

Decision 

Rule library; 

optimization; alarms; 

work orders 

Generate schedules, setpoints, load 

dispatch and maintenance priorities 

Explainability, priority 

and approval workflow 

Execution 
BAS; controllers; 

operators 

Implement actions, record interventions 

and return operational results 

Safety interlocks, 

manual override and 

closure evidence 

4.3. Green technology portfolio and sequencing 

Technology selection follows five 

principles: management optimization before major 

replacement; metering and data governance before 

advanced analytics; system efficiency before single-

equipment ratings; life-cycle comparison rather than 

lowest initial cost; and explicit safety and manual-

override boundaries. The resulting portfolio includes 

the following measures. 

• Envelope and passive measures: Roof and 

facade thermal repair, improved airtightness at 

doors and openings, solar control, reflective 

roofs and controlled natural ventilation where 

outdoor air quality and security permit. 

• Heating, ventilation and air conditioning: 

Capacity review, plant sequencing, variable-

flow pumping and ventilation, hydraulic 

balancing, demand-controlled fresh air, heat 

recovery, weather-compensated heating and 

humidity-sensitive control. 

• Lighting, electrical and transport systems: 

LED upgrades with event, training, cleaning, 

security and broadcast scenes; daylight or 

occupancy control in secondary zones; 

transformer and power-factor management; 

peak-demand control; and idle-mode strategies 

for lifts and escalators. 

• Water and thermal services: Submetering and 

leakage alarms, efficient fixtures, cooling-tower 

optimization, condensate and rainwater use, and 

integration of pool, ice-rink or shower hot-

water loads with heat recovery where 

applicable. 

• Renewable energy and storage: Photovoltaics, 

solar thermal energy, heat pumps and storage 

only after structural, resource, grid, fire-safety, 

maintenance and actual self-consumption 

conditions are assessed. 

• Commissioning and capability: Sensor and 

actuator verification, sequence testing, event-

mode drills, fault-recovery tests, operator 

training and post-event review of energy, 

environment and alarms. 

 

4.4. Climate-responsive technology packages 

The provincial classification is intended as 

a first-stage screening tool, not as a substitute for 

site-specific engineering. Guanzhong requires 

balanced winter-summer optimization, event-load 

management, pollution-aware ventilation and 

maintainable solar systems. Northern Shaanxi 

prioritizes heating, envelope performance, 

distribution balancing, heat recovery, storage and 

extreme-cold reliability. Southern Shaanxi 

prioritizes humidity, dehumidification-ventilation 

coordination, condensation control and moisture-

resistant maintenance. Figure 4 summarizes these 

packages. 
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Figure 4. Climate-responsive technology packages for the three principal subregions of Shaanxi. 

 

V. Performance Evaluation and 

Measurement and Verification 
5.1. Five-dimensional performance system 

Performance is evaluated across energy, 

carbon, management, service and economic 

dimensions. Energy indicators include total and 

normalized energy use, end-use consumption, plant 

or system efficiency, peak demand and base load. 

Carbon indicators convert energy carriers using 

transparent and versioned emission factors and 

separately report on-site renewable generation. 

Management indicators include meter and sensor 

online rates, alarm closure, strategy execution, 

manual bypass duration and maintenance response. 

Service indicators include temperature, humidity, 

carbon dioxide, particulate matter, illuminance, 

complaints and operational availability. Economic 

indicators include capital cost, maintenance cost, 

energy savings, replacement timing and life-cycle 

cost. 

 

Table 2. Proposed performance dimensions and minimum evidence 

Dimension Representative indicators Minimum evidence Interpretive constraint 

Energy 

Energy-use intensity; end-use 

consumption; system efficiency; 

peak demand 

Calibrated meters, energy 

bills and operating logs 

Weather, opening hours, 

occupied area and event 

scale 

Carbon 

Operational carbon intensity; 

verified carbon reduction; 

renewable contribution 

Energy data and 

versioned emission 

factors 

Avoid double counting of 

efficiency, renewable 

generation and green 

procurement 

Manageme

nt 

Online rate; alarm closure; 

strategy execution; bypass 

duration 

Platform logs, work 

orders and change 

records 

Consistent asset IDs and 

defined responsibilities 

Service 

Temperature, humidity, air 

quality, illuminance, complaints 

and availability 

Environmental 

monitoring and service 

records 

Safety and service quality 

must not deteriorate 
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Dimension Representative indicators Minimum evidence Interpretive constraint 

Economic 

Energy-cost savings; 

maintenance cost; payback; life-

cycle cost 

Capital, tariff, 

maintenance and 

replacement data 

State assumptions, analysis 

period and discount rate 

 

5.2. Measurement and verification protocol 

The M&V protocol begins by defining the 

project boundary, energy carriers, meters, baseline 

period, reporting period and independent variables. 

Whole-venue retrofits can be evaluated using an 

adjusted whole-facility baseline, whereas isolated 

systems can use boundary-specific measurement. 

For projects with interacting measures, total savings 

should be verified first; allocation to individual 

measures should avoid double counting. 

Energy savings are defined conceptually as: 

Es = Ebase,adj- Epost 

where Es is verified energy savings, Ebase,adj is 

baseline energy adjusted to reporting-period 

conditions, and E_post is measured reporting-period 

energy. Weather, occupied area, opening hours, 

attendance, event schedule, pool or hot-water 

temperatures, and equipment or use changes may be 

selected as adjustment variables when they have 

physical meaning and stable data coverage. 

Operational carbon reduction is calculated by 

energy carrier: 

Cred = sumi [(Ei,base,adj - Ei,post) x EFi] 

where EFi is the documented emission factor for 

energy carrier i. The report should disclose factor 

source, geography, year and version. On-site 

renewable generation is credited on actual metered 

generation and use, not design capacity. Storage is 

evaluated through charging energy, discharge 

energy, losses, tariff or emission timing, and 

resilience value rather than being treated as an 

energy source. 

 

5.3. Minimum M&V reporting requirements 

A defensible report should state the 

boundary and measures, baseline and reporting 

periods, exceptional events, meter accuracy and 

calibration, missing-data treatment, model variables 

and goodness of fit, non-routine adjustments, 

verified energy and carbon results, service-quality 

compliance, and uncertainty. If reporting-period 

operation lies outside the range represented in the 

baseline, extrapolation should be identified and 

additional monitoring or short-term testing used to 

strengthen the conclusion. 

 

VI. Implementation Roadmap and 

Governance 
6.1. Four-stage roadmap 

Implementation is structured into four 

stages (Figure 5). Stage 1 establishes the energy 

audit, asset register, metering boundary, data-quality 

rules and baseline. Stage 2 captures low-cost 

opportunities by correcting schedules, setpoints, 

zoning, interlocks and known faults. Stage 3 

implements justified envelope, system, renewable-

energy and platform upgrades, accompanied by 

commissioning and training. Stage 4 verifies 

savings, resolves underperformance and updates 

control rules. The final stage feeds the next 

diagnostic and capital-planning cycle. 
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Figure 5. Four-stage implementation roadmap for venue-specific decarbonization. 

 

6.2. Venue-specific planning template 

Each venue should prepare a concise 

implementation plan containing: venue profile and 

service obligations; current energy and equipment 

baseline; problem and risk register; objectives and 

service constraints; project boundary; selected 

measures and control sequences; capital and life-

cycle cost; data and interface specifications; 

construction and closure plan; commissioning and 

training; acceptance criteria; M&V method; 

responsibilities; emergency arrangements; and a 

continual-improvement schedule. Technology 

priorities should be ranked by safety necessity, 

performance opportunity, data certainty, 

construction impact and life-cycle economics. 

 

6.3. Organizational responsibilities 

Venue leadership should authorize targets and 

resources. Energy managers should own data 

quality, baselines and performance reporting. 

Equipment teams should implement control actions 

and maintenance closure. Event operations should 

provide schedules, attendance and service 

requirements. Information-technology teams should 

manage interfaces, permissions, cybersecurity and 

backup. Safety teams should approve control 

boundaries and emergency modes. Finance teams 

should evaluate costs and contracts. External service 

providers should be bound by requirements for data 

ownership, response time, equipment performance, 

M&V and exit handover. 

6.4. Key risks and controls 

Table 3. Principal implementation risks and controls 

Risk Typical manifestation Potential consequence Control 

Data 
Missing, drifting or 

inconsistent meters 

Distorted baseline and 

unverifiable savings 

Metering topology, calibration, 

redundancy, quality rules and 

documented substitutions 

Technical 
Oversized equipment or 

conflicting sequences 

Poor efficiency or loss of 

comfort 

System-level review, staged 

commissioning and safe fallback 

modes 

Operation

al 

Last-minute event changes 

and inconsistent manual 

actions 

Peak-load and control 

failure 

Schedule integration, 

standardized modes, approvals 

and operator training 
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Risk Typical manifestation Potential consequence Control 

Financial 

Capital-only procurement 

without maintenance and 

M&V 

Platform abandonment and 

short-lived savings 

Life-cycle evaluation and 

dedicated operation, training and 

verification budgets 

Cybersecu

rity 

Unauthorized control or 

communication failure 

Disruption of critical 

systems 

Network segmentation, logging, 

local control, manual override 

and emergency drills 

Performa

nce 

Boundary changes and 

carbon double counting 

Disputed or incomparable 

outcomes 

Ex ante M&V plan, change 

register, factor versioning and 

independent review 

 

VII. Discussion 
7.1. Theoretical contribution 

The framework reframes sports-venue 

decarbonization as a socio-technical operating 

system. Physical efficiency, digital capability and 

institutional responsibility are treated as 

interdependent rather than sequential add-ons. This 

extends technology-centred stadium research by 

making data quality, work-order closure, service 

constraints and M&V explicit components of the 

causal pathway from an intervention to persistent 

performance. It also links ISO 50001's continual-

improvement logic to the event-driven operating 

modes of sports venues. 

A second contribution is the distinction 

between regional technology screening and venue-

specific engineering. Climate packages narrow the 

solution space but do not determine a design. This 

distinction helps avoid two common errors: 

transferring a technically successful measure 

without considering climate and maintenance 

conditions, and using broad regional labels to 

bypass building-specific audit and life-cycle 

analysis. 

 

7.2. Practical and policy implications 

For public owners, the framework supports 

a shift from equipment inventories to performance-

based project preparation. Funding and procurement 

can require a documented baseline, open data 

interfaces, control sequences, commissioning, staff 

training and a pre-agreed M&V plan. Project 

acceptance can then combine equipment 

functionality, digital-operational capability, service 

quality and verified outcomes. This structure is also 

compatible with energy performance contracting 

because it clarifies boundaries, adjustment variables, 

data ownership and dispute prevention. 

The proposed sequence also changes how 

retrofit success is defined. Completion should not 

occur when equipment is merely installed or a 

digital platform is displayed. It should occur when 

meters and asset identifiers are reliable, control 

sequences have passed functional testing, operators 

can manage normal and exceptional modes, 

unresolved faults have named owners, and the M&V 

plan can reproduce the reported result. These 

requirements convert commissioning, training and 

data governance from supplementary services into 

core decarbonization deliverables. 

For Shaanxi, representative pilots should 

be selected across the three subregions and across 

venue size, age and function. A common data 

dictionary and M&V framework would allow 

provincial benchmarking, while climate-specific 

fields would preserve local relevance. Universities 

can support monitoring, analytics, staff training and 

independent review; venue operators contribute 

practical operating knowledge; and authorities can 

convert verified lessons into procurement templates 

and technical guidance. 

7.3. Relationship to prior studies 

The proposed technology portfolio is 

consistent with integrated retrofit cases that combine 

passive measures, efficient systems, renewable 

energy and BEMS (Katsaprakakis et al., 2019, 

2023). Its energy-flow and KPI logic aligns with 

Azaza et al. (2019), while its digital closed loop 

develops the cyber-physical and forecasting 

directions reported by Schmidt et al. (2018) and 

Almaleck et al. (2024). The multidimensional 

evaluation is compatible with Tang et al. (2023), but 

adds explicit service constraints and an M&V 

protocol. Finally, the BIM layer draws on broader 

BIM-IoT integration research while limiting BIM's 

role to asset, space and data linkage rather than 

assuming that a three-dimensional model alone 

improves energy performance. 
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7.4. Limitations and validation agenda 

The study is limited by its conceptual 

design. It does not include a harmonized, 

continuous, submetered dataset from representative 

Shaanxi venues, and it does not estimate statistically 

generalizable savings. The proposed indicators have 

not yet been weighted or tested for redundancy, and 

the three regional packages require engineering 

refinement at venue level. The literature synthesis 

was structured and evidence-informed but was not a 

PRISMA systematic review or meta-analysis. 

Future research should apply the 

framework to venues in Guanzhong, Northern 

Shaanxi and Southern Shaanxi over at least one 

complete operating cycle. Validation should 

examine data completeness, forecasting error, 

control execution, indoor-environment compliance, 

adjusted energy and carbon savings, investment and 

maintenance cost, and operator acceptance. 

Comparative research could then test which 

elements transfer across climates and venue types 

and which require local redesign. 

 

VIII. Conclusions 
This study developed an integrated 

framework for low-carbon sports venues that 

connects green technologies, smart energy 

management, regional climate adaptation and 

verifiable performance. Its core proposition is that 

durable energy and carbon improvement depends 

less on the number of installed technologies than on 

the quality of the closed loop connecting diagnosis, 

data, decisions, execution, verification and 

improvement. 

The framework contributes five practical 

outputs: a four-pillar conceptual model; a five-layer 

smart energy architecture; differentiated technology 

packages for Guanzhong, Northern Shaanxi and 

Southern Shaanxi; a five-dimensional performance 

and M&V system; and a four-stage venue-specific 

roadmap. Together, these outputs provide public 

owners with a method for planning, procuring, 

commissioning and evaluating retrofit programmes 

without confusing design intent, installed capacity 

or reduced service with verified performance. 

The immediate priority for most existing 

venues is to repair safety and control faults, 

establish complete metering and asset identifiers, 

optimize schedules and zoning, and close 

maintenance actions. Major equipment replacement, 

renewable energy, storage and advanced analytics 

should follow reliable baselines and system-level 

analysis. Future demonstration projects should 

disclose boundaries, operating conditions, service 

indicators and uncertainty, allowing the framework 

to be tested and refined through real venue data. 
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